First-principle calculation was performed to illustrate the atomic arrangement and segregation behavior of Sn/Ti and O in Σ [¯]( ) 3 110 111 grain boundary, and the interaction of oxygen interstitials with Sn/Ti atoms on the grain boundary was studied. The analyses on the segregation energies and geometric positions, and the electron densities show that Sn, Ti and O atoms segregate at the Σ3 grain boundary. And the preferred segregation sites of the impurities at Σ [¯]( ) 3 110 111 were determined. When Sn segregates at grain boundary plane, the O atom prefers to the bulk-like site and shows no segregation tendency at grain boundary, whereas the segregated Ti atom can slightly enhance oxygen segregation at the grain boundary.
Introduction
In situ composites based on niobium and niobium-based silicide have been investigated extensively for turbine airfoil materials in advanced aircraft engines because of their very good strength to density ratio and the high service temperature (above 1612 K) [1] . Nb-base alloys are promising candidates to replace the current alloys used in high temperature structure components. However, their poor oxidation behavior at intermediate and high temperatures is a major barrier for high temperature applications [2] [3] [4] .
Defects and impurities play an important role in improving or degrading the performance of Nb-base alloy. Although the alloying elements such as Ti, Hf, Cr and Al have been used for improving the oxidation resistance of niobium and niobium-based alloys, niobium-based alloys can still be attacked by pesting damage at intermediate temperatures (generally, below 1122 K) [1, 5] . Recently it is realized that alloying with Sn in Nb-Si alloys can be very effective in inhabiting pesting damage at 1000 K condition, and Sn can lead to the formation of the Sn-rich and Sn-poor parts in Nb solid solution (Nbss) [6, 7] . Alloying with Ti has been shown to significantly improve oxidation resistance and room temperature fracture toughness [8] .
As the niobium-based alloys can't develop adherent and protective oxide layers on the substrate, which is regarded as their main limitation, the oxygen can diffuse quickly through the Nb solid solution (Nbss) without the efficient protection. Though the composition and oxidation mechanisms of the Nb (110) surface have been investigated with experiment and first-principle thermodynamics analysis [9, 10] , the oxidation behavior has not yet been fully understood up to now. In particular, the microstructure detail about how additional alloying elements affect the oxidation behavior of Nb is still lacking. As alloying atoms may segregate to the grain boundaries the internal oxidation in which oxides form along grain boundary (GB) attracts our attention.
One main issue we concern is the effect of segregated Sn on the inter-granular oxidation of Nb-based alloy. According to the Nb-Sn phase diagram, Sn solubility in Nb is low, i.e., 1% at 1700 K rising to 3% at 2200 K. Dissolved Sn has a strong propensity to segregate to surface and interfaces. Based on the analyses of Mӧssbauer emission spectroscopy with radioisotope nuclei inserted into grain boundaries [11] , it has been found that the Sn in bulk Nb enriches at grain boundaries, and the mean activation enthalpy of Sn segregation at high-angle grain boundaries of polycrystalline Nb is determined to be ± 31 2kJ/mol. However, it is not clear how the interaction of Sn and O at grain boundaries take place.
The composition and structure of GB can be determined experimentally by the high-resolution transmission electron microscopy, the x-ray diffraction methods and Auger electron spectroscopy [12] . However, it is quite difficult to measure accurate data on the interface thermo-dynamic quantities. Thus, ab initio quantum mechanical method based on the density functional theory (DFT) provides the appropriate tool to obtain reliable quantitative information on GB structure and energetic at an atomic level [13] [14] [15] . In this work we address the segregation behavior of low concentration of the solute Sn, Ti, and O atoms at the Σ [¯]( ) 3 110 111 symmetrical tilt grain boundaries (STGB) of Nb, and how the solute Sn or Ti affect the oxygen segregation behavior at the GBs.
The properties of interfaces are affected by a complex interplay between chemical environment and the structural unit settings. By means of the DFT calculations, we investigate the relationships between the interfacial structure and the corresponding energetic, electronic properties at the GBs of Nb. As there is very little experimental information on GB segregation in Nb, most of the present results are theoretical predictions, which may motivate future experimental work.
In this paper the grain boundary models and computational method are introduced in detail, the energy and structure of clean grain boundary are discussed, the segregation energy of single solute Sn or Ti atom is calculated to validate the driving force of Sn or Ti segregation, and the energetically favored site of Sn or Ti along the Nb GBs is determined. Considering the effect of Sn or Ti on the segregation behavior of oxygen by placing one Sn or Ti atom at the Σ3 grain boundary plane the atomic structure and electronic features are analyzed.
Grain boundary model and computational method
As one of the high-symmetry and stable GBs in Nb, the Σ [¯]( ) 3 110 111 GB is chosen to study the segregation behavior of Sn, Ti and O atoms as well as the interaction between Sn (Ti) and O atom. The initial crystal structure of the GB is based on the coincident site lattice (CSL) model. The equilibrium lattice constant of Nb is 3.308 Å [16] , which is in good agreement with the experimental value of 3.307 Å [17] . Due to the similar size of the Sn/Ti atom with Nb (The atom radii of Sn is 1.45 Å, Ti 1.76 Å and Nb 1.98 Å), the Sn/Ti atom would occupy the substitutional positions along the GB, which are denoted by sites 0, 1, 2, 3. Since the size of O atom is much smaller than that of the Nb atoms, it is assumed to occupy interstitial positions in both bulk Nb and at GBs. Also referred to the result of Wang [10] the most favorable interstitial site for O is the octahedral site in bulk Nb. Therefore, we only consider O atom occupied the octahedral site and hollow sites at the grain boundary plane.
For Σ3 grain boundary, we initially placed O atom at several different interstitial sites, the atoms around interstitial site were relaxed until the force was converged.
For the ab-initio density functional calculation we applied the Vienna Ab Initio Simulation Package (VASP) [18] using the allelectron projector augmented wave method within the generalized gradient approximation of Perdew et al. [19] . The cut off energy for the plane wave basis set was 400 eV. The Brillouin-zone integration was performed within Monkhorst-Pack scheme using a (9 Â 3 Â 1) mesh for Σ3 GB and the Methfessel-Paxton smearing was used with a width of 0.2 eV. The structure relaxation was performed until the force on each atom was converged to the value less than 0.02 eV/Å. In order to find the equilibrium state of the GB model, a series of fully relaxed calculations were performed starting from the above ideal CSL structure model.
Results and discussion

Structure and energy of clean Σ3 grain boundary in Nb
The interface energy of a grain boundary is calculated according to γ =(
Here, E GB tot is the total energy of grain boundary, and E bulk tot is the total energy of bulk crystal with the same number of atoms with GB. A represents the area of the grain boundary, and factor 2 accounts for the two identical boundaries in the simulation model. The interface energy of the Σ3 GB has a value of 0.365 J/m 2 . The structure character of clean grain boundary is then described by the interlayer distance. The interlayer distance is defined as the change in the vertical positions of the atoms of two subsequent atomic layers, n þ1 and n. Fig. 2 displays the interlayer distances as a function of the layer number from the GB plane.
For Σ3 GB, an oscillatory decay pattern of interlayer distance toward the bulk layers can be found. The first interlayer distance at the Σ3 GB is expanded to 1.24 Å and the second one is contracted to 0.63 Å. The large interlayer distance means an expansion of the space available for the impurity element. For the layer on, the interlayer distances closely oscillate around the calculated bulk value of 0.95 Å, which shows that the supercell used in the calculations is large enough to grasp the main properties of GB distinct from the bulk-like behavior. It is noticed that the 9th interlayer (The farthest layer from the interface) distance is larger than that in the bulk Nb, which means that there may be no site suitable for our Σ3 GB model to where
is the total energy of a system consisting of ( − ) N 1 Nb atoms and one solute ( ) X atom.
is the total energy of ( − ) N 1 Nb atoms in the bulk and ( ) E X bulk is the total energy of one solute atom in bulk. The impurity formation energies of Sn and Ti in the Nb bulk system are −0.51 eV/atom, and 0.04 eV/atom, respectively.
The impurity formation energies of solute atom at GB are calculated as Eq. (3) ( ) ( )
is the total energy of the GB model containing (N À1) Nb atoms and one solute atom X.
( ) E Nb tot GB N is the total energy of the GB model containing (N) Nb atoms. Four different substitution sites (0-3) along the GBs were considered to calculate the impurity formation energies, and the most energetically favorable site was identified.
The obtained data for Sn and Ti atom at the Σ3 GB are summarized in Table 1 . For Σ3 GB, site 0 has the lowest formation energy for Sn atom compared with the other sites, but there is also a driving force for segregation from the bulk to the site 1 and 3. Considering the Voronoi volume and the distances of Sn from the nearest-neighbor Nb atoms, one can clearly observe that site 0 is the loosest site along the GB, which shows lower segregation energy. It is shown that Sn can segregate at the Nb Σ3 grain boundary, which is in good agreement with the experimental observation, and the calculated segregation energy is also close to the experimental result [11] . For solute Ti, all segregation energies for these sites are negative, and the preferable substitute site is site 1 at Σ3 GB. Our results show similar tendency with Zhang et al. [21] , who determined Zn has a strong preference to segregate to the asymmetrical site 2 of Al Σ5 (012)[100] GB. As the Voronoi volume of Sn is larger than that of Ti at the same substitute site of Σ3 grain boundary, we can simply conclude that Sn shows an expanding tendency while Ti atom has some contracted effect at the grain boundary.
In order to understand the bonding characteristics between Sn or Ti and Nb, the electronic bonding charge distribution is used to illustrate the bonding characteristics more visually. The bonding charge distribution (BCD) is the difference between the self-charge distribution from DFT calculation and the superposition of atom charge densities of the individual atoms [22] . The bonding charge defined in this way can be regarded as the amount of electrons involved in the bonding when the impurity atom occupies the Fig. 2 . Interlayer distance vs distance from Σ3 (111) GB plane in Nb in terms of numbering introduced in Fig. 1 . On the horizontal axis, the number n corresponds the interlayer distance d n,n þ 1 between nth and (nþ1) th layer. The dash line is the interlayer distance along [111] direction in the bulk Nb. grain boundary site. The region with a higher BCD indicates stronger bond formation in this region. Fig. 3 shows the BCDs for segregated Sn or Ti at site 0 at the Σ3 GB cutting along the yz plane going through the impurity atom.
Compared with the clean Σ3 Nb GB ( Fig. 3(a) ), the directional bonding between Sn and neighboring Nb atoms actually decreases for Sn doped GB. There is a depletion of bonding electrons around Sn, as seen in Fig. 3(b) . The decrease of charge density distribution in the neighborhood of the Sn atom indicates that Nb-Sn bonds are weaker than the corresponding Nb-Nb bonds, and shows the possible embrittling effect of Sn in Nb GB. Besides, there is a little change of the valence bonding charge between the Ti impurity and the neighboring Nb atoms (Fig. 3(c) ), which means the Ti-Nb bonding in Ti-doped GB is similar with that of clean Nb GB.
Effect of Sn or Ti on the segregation behavior of O in Σ3 (111) GB
It has been shown that both Sn and Ti can segregate at the Σ3 grain boundary. In the following, we will discuss the effect of doped Sn and Ti on the solubility of O at grain boundary region, focusing specifically on the local coordination of the available interstitial sites. This is done by placing one Sn/Ti atom at the site 0 of GBs, and analyzing the bonding environment of the GB plane. The solubility of O within Nb bulk or at GB can be characterized by the solution energy, ΔE, which is defined as
is the total energy of the doped supercell with (n À 1) Nb atoms, one X atom and one O atom. We first calculate the O solution energy within bcc Nb using the equilibrium lattice constant of the pure phase. As O atom prefers to occupy the octahedral site in bulk Nb [10] , we only consider the octahedral site. The O dissolution is investigated by placing an O atom at one of the octahedral interstitials in a × × 4 4 4 supercell, corresponding to a concentration of 0.78 at%. A × × 3 3 3 Monkhorst-Pack grid is used for the Brillouin-zone integration. For the octahedral site, we obtain the O solution energy of −3.66 eV for a 128 atoms supercell.
Then we placed O atom into relevant interstitial sites (labeled as a-h in Fig. 1 ) of the Σ3 grain boundary supercell. Table 2 summarizes the calculated data for the O interstitial at/close to the GBs. The O atom can segregate at site a and d, while other sites show positive segregation energy. The sites a and d are the most favorable interstitial site with the solution energy À 4.01 eV/atom. As local volumetric effects can dominate the solution energies of light interstitial elements [23] , we then calculate the distances between the O atom and the nearing Nb atoms. Looking at the distances of the incorporated O atom to the nearest-neighbor Nb atoms in Table 2 , one clearly observes that for sites (e, f, g, h) the coordination remains similarly, which resemble distorted octahedral sites in bulk Nb. The distortion of interstitial sites (a, b, c, d) is much large and the different types of coordinates can be found.
One exception is the site d which is between the layer 3 and layer 4. For the site d (Fig. 4) , the Nb ( À2) moves away from the oxygen atom to the position between the layer À 1 and layer 0, resulting in the original grain boundary plane disappeared and a new grain boundary plane along the O atom site can be found. Both the segregation energy and the nearest-neighbor environment of site d are similar with that of site a. Such structure and energy results imply the grain boundary migration of bcc Σ ( ) 3 111 GB can be caused by impurity atom. Anyway, O can segregate at the mirror site a at Σ3 grain boundary.
It is also noticed that site 0 is on the mirror plane and is the possible segregation site with small segregation energy difference between site 1 and 0 in GB model. Due to the computational cost of the DFT calculations, we then limit ourselves to apply the site 0 as a base solute segregation site in the following calculations, to detect the effect of Sn/Ti on the O segregation behavior.
We now consider the effect of Sn/Ti to the segregation behavior of O by placing one Sn/Ti atom at the site 0 of GBs, and then the bonding characters of the GB will be analyzed. Table 2 shows the solution energy and segregation energy of O atoms as well as the bonds length between O and nearing Nb atoms for Sn-doped and Ti-doped GB. Comparing the clean and doped (Sn/Ti) segregation energy of O at site a, one can see that O can segregate at the clean Σ3 GB (Table 2a) To further analyze the effect of the Sn/Ti segregation on the bonding character of GB, the calculated valence charge density differences for clean, Sn-and Ti-doped Σ3-O GB are plotted in Fig. 5 . In the O segregated at clean Nb GB (Fig. 5a ) the length of the Nb(1)-Nb( À 1) bond is 2.62 Å. Due to the presence of the Sn atom in the site 0 (Fig. 5b) , we see a loss of the bonding charge between the neighboring Nb atoms and the Sn atom, and the distance (d) between site 1 and site À 1 in Sn-doped Σ3 GB is larger than that of clean Σ3-O GB. By contrast, the bonding charge density of Tidoped GB (Fig. 5c ) is similar to that of clean Σ3-O GB. Further, Sn impurity induces a broader region of low charge density in the neighborhood of the GB plane than Ti impurity, which corresponds to larger distance between site 1 and site À 1 than that of Ti. All above demonstrate that Sn (site 0) in Nb Σ3 grain boundary has an obvious repulsive interaction with O atom which means Sn can reduce oxygen segregation at the GB region, while Ti (site 0) can enhance slightly the segregation of O at GB.
Conclusion
In this work the fundamental physical origins of the segregation behavior of oxygen with and without doped Sn/Ti atom on Nb Σ [¯]( ) 3 110 111 grain boundary has been uncovered. The oxygen accommodation within the Σ3 grain boundary depends on the local coordination of the available interstitial sites. When Sn segregates at the grain boundary plane, the O atoms prefer to the bulk-like site and show no segregation tendency at grain boundary; the Ti atom can slightly enhance oxygen segregation at the grain boundaries, which is a result of the features of the electronic structures and chemical bonding. This work provides a fundamental quantitative understanding of the segregation behavior of Sn/Ti and O at grain boundaries in niobium on the atomic level. 
